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1. Introduction

The hydrogen oxidation reaction (HOR) in alkaline medium 
has been investigated together with the recent development 
of alkaline membrane fuel cells, also called anion exchange 
membrane fuel cells (AEMFCs).[1,2] Under alkaline conditions, 
the HOR activity of the pure platinum-group metal (PGM) 
catalysts (Pt, Ir and Pd) is significantly reduced by at least two 
orders of magnitude compared to the same PGMs under acidic 
conditions.[3–6]

The development of alkaline exchange membrane fuel cell (AEMFC) is limited 
by the sluggish reaction at the anode. Even precious group metals (PGMs) 
are not effective hydrogen oxidation reaction (HOR) electrocatalysts in 
alkaline medium. In this manuscript, the original synthesis of effective HOR 
electrocatalysts for AEMFC is reported. Here, the limitations of using metal-
organic precursors are described and their replacement with organometallic 
precursors is proposed. It is shown that completely different nanostructures 
can be synthesized by the organometallic route, resulting in the formation 
of NiPd nano-alloy or Ni@Pd core–shell nanoparticles, instead of Pd@
Ni. The presence of both Pd and Ni on the catalyst surface has a drastic 
effect on its HOR activity, due to a bifunctional electrocatalytic mechanism 
with hydrogen binding on Pd and OH binding on Ni. The highest activity is 
measured for NiPd nano-alloy, whose specific activity reaches −−104 mA mgPd

1  
and −−1.38 mA cmPd

2  at 0.1 V versus reversible hydrogen electrode at 298 K. 
These are the highest values reported so far for an NiPd catalyst. By design, 
the synthetic approach is generic and can be applied to any pair of metals, 
either PGM or other transition metals, to synthesize alloyed or core–shell 
electrocatalysts.
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Alkaline Fuel Cells

Recent advances in the understanding 
of PGM surfaces suggest that an improve-
ment in HOR activity can be achieved by 
the addition of foreign metal atoms, pri-
marily transition metals, either segregated 
on the surface of PGMs or in the form of 
bimetallic alloys.[7,8] In addition, alkaline 
conditions are much less aggressive for 
most of the transition metals, allowing 
the use of non-PGM catalysts alone or in 
combination with PGMs.[1,9–12] Conse-
quently, the alloying or partial coating of 
low-cost transition metals with a small 
amount of PGMs should pave the way for 
high activity, low cost and durable HOR 
electrocatalysts for AEMFCs. Palladium 
has been much less investigated than Pt, 
even though Pd forms alloys with most of 
the late transition metals and stands close 
to Pt in terms of the energy of dissociative 
adsorption of H2, as shown in the volcano-
type plot of the exchange-current den-
sity versus the hydrogen binding energy 
(HBE).[13,14] The main difference between 

Pd and Pt lies in the tendency of Pd to absorb as well as adsorb 
hydrogen, which reduces its turnover and complicates the study 
of pure Pd.[13]

Bimetallic Pd-Ni HOR catalysts have been predicted to out-
perform pure PGMs in alkaline conditions, due to the pres-
ence of oxophilic Ni species together with hydrogen-binding 
Pd sites, combining in a bifunctional electrocatalyst. Our recent 
report of partial coating of Ni thin films with Pd has shown that 
a relatively low Pd coverage of 17% on Ni results in excellent 
HOR properties.[15] This approach has been implemented on a 
high-surface-area electrocatalyst, leading to a high power den-
sity of 400 mW cm−2 in a Pt-free AEMFC.[16] In that work, the 
decoration of nanoscale Ni with Pd was achieved by aqueous 
deposition from Pd(II) complexes. However, the Pd-Ni can be 
optimized further for better utilization of the Pd atoms. A full 
comparison of Ni/Pd alloy versus core–shell structures has not 
yet been reported in the context of HOR in alkaline medium.

Several routes for the synthesis of Pd-Ni bimetallic 
nanoparticles have been explored. Different synthesis routs 
can lead to the formation of NiPd alloy, core–shell Pd@Ni or 
core–shell Ni@Pd nanoparticles, depending on the reaction 
sequence. One-step reduction of Pd(II) and Ni(II) solution 
usually leads to alloyed nanoparticles with atomic composi-
tion according to the stoichiometry of the reagents.[17,18] More 
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generally, the core–shell structure can be achieved through 
two-step reactions. Core–shell Pd@Ni nanoparticles were 
synthesized from the consecutive reduction of H2PdCl4 and 
nickel acetate by the polyol method.[19] This study shows that 
Pd nanoparticles catalyze the reduction of Ni(II) and induce the 
deposition of Ni(0) atoms on the surface of Pd nanoparticles. 
Core–shell Ni@Pd nanoparticles can be synthesized by using 
a similar two-step reaction in which the order of the precursors 
is reversed.[20]

The use of organometallic compounds has several 
advantages when compared to the use of metal salts and metal-
organic precursors. Their low valence results in low-energy 
activation for the formation of nanoparticles.[21] The organo-
metallic complex bis-(cyclooctadiene) nickel (0), Ni(COD)2, 
undergoes thermal decomposition at 80 °C to yield Ni(0) films 
and nanocrystals.[22,23] While the organometallic compounds 
bis-(dibenzylideneacetone)-palladium(0), Pd(dba)2, and tris-
(dibenzylideneacetone)-dipalladium(0), Pd2(dba)3, have suc-
cessfully yielded Pd(0) nanoparticles.[24,25] The organometallic 
synthesis of bimetallic Pd-Ni nanoparticles, synthesized from 
the same organometallic complexes, resulted in the formation 
of alloys (used as catalysts for hydrogenation).[26] Syntheses 
from organometallic compounds can be performed at low tem-
perature[22,27] or in a short reaction time,[23] which can stabilize 
the formation of kinetically controlled particles with out-of-
equilibrium structures, as demonstrated by the formation of 
non-periodic polyhedral structures[28] and high-temperature 
phases.[29]

In the present study, we investigate the use of both orga-
nometallic and metal-acetylacetonate complexes to achieve 
one-pot reactions of either alloyed or core–shell nanoparticles, 
depending on the kinetics of decomposition/reduction of the 
Pd and Ni precursors. As discussed above, we expect organo-
metallic precursors to decompose rapidly and form nanopar-
ticle cores when they are combined with metal-organic com-
plexes. The resulting nanostructures are tested as HOR elec-
trocatalysts, to search for the most active catalysts in the Pd-Ni 
system.

2. Results and Discussion

2.1. Kinetic Control of the Radial Distribution  
of Pd and Ni Atoms in the Nanoparticles

The synthesis of monometallic or multimetallic electrocata-
lysts usually requires the co-reduction of one or more metal 
salts, metal-organic complexes or organometallic compounds. 
A one-pot reaction is usually preferred to a multi-step complex 
reaction and a large majority of publications report the use of 
a single class of metal-organic or organometallic complexes. 
Metal-acetylacetonates are popular, stable and affordable com-
plexes. Ni(acac)2 and Pd(acac)2 display the same oxidation state 
(II) and differ mainly by the lower redox potential of Ni(acac)2 
when compared to that of Pd(acac)2. To demonstrate the dif-
ference in reactivity of the two complexes, we heated them in 
benzyl alcohol, a soft reducing agent, at a moderate tempera-
ture of T = 150 °C for 12 h in a forming gas atmosphere with 
the addition of polyvinylpyrrolidone as a stabilizing agent. 

Under these conditions, only Pd(acac)2 reacted while Ni(acac)2 
did not.[30]

In contrast, the organometallic complexes Ni(COD)2 and 
Pd(dba)2 have been commonly used as organometallic precur-
sors for the synthesis of metallic nanoparticles. The kinetics of 
decomposition slightly favors the formation of Pd. However, to 
the best of our knowledge the use of both organometallic and 
metal-organic complexes has not been attempted in a one-pot 
reaction and is expected to result in the formation of kinetically 
controlled core–shell nanoparticles, as shown in Scheme 1.

The metal-organic precursors yield nanoparticles analyzed 
by powder X-ray diffraction (PXRD) shown as a blue line in 
Figure 1. The PXRD results reveal the presence of two crys-
talline phases with lattice constants that are close to those of 
FCC Ni (JCPDS # 04-0850; Fm-3m, a = 3.5238 Å: red lines) 
and FCC Pd (JCPDS # 05-0681; Fm-3m, a = 3.8902 Å: blue 
lines). The diffractogram can be analyzed as a two-phase 
material: one Pd-rich and one Ni-rich phase. The peaks  
are broad due to the small particle size and a more quanti-
tative analysis is not appropriate. No other phases (oxides, 
hydroxides, or ordered compounds) are observed by PXRD. 
The organometallic approach yields a very disordered phase 
with very broad and asymmetric peaks which could match 
several nano-phases of Ni rich and Pd rich alloys (Figure 1, 
black line). The mixed approach (organometallic for the Ni 
and metal-organic for the Pd) yields a more crystalline mate-
rial with two phases almost matching the lattice constant of 
the pure Ni and Pd phases.

The nanoparticles were analyzed using transmission elec-
tron microscopy (TEM) in high-angle annular dark-field scan-
ning TEM (HAADF-STEM) mode and energy dispersive X-ray 
spectroscopy (EDX) analysis (Figure 2). The nanoparticles dis-
play a mean size of 11.3 ± 2 nm with quasi-spherical shape 
(Figure 2A,B). Pd-Ni atomic ratios inside the particles obtained 
from EDX line scans (Figure 2D,E) and maps (Figure 2F) for a 
statistical number of particles. Analysis of the results revealed 
a gradient in Ni concentration, with the Ni content increasing 
from the center to the shell of each nanoparticle (Figure 2E). 
Although EDX analysis has limitations in terms of spatial 
resolution; within these limitations, the data support the for-
mation of core–shell structures with Pd-rich cores and Ni-rich 
shells. The nanoparticles are inferred to be core–shell Pd@Ni 
particles based on their sizes (measured from TEM images), 
atomic ratios between Pd and Ni (obtained from EDX results 
from ensembles of nanoparticles) and their atomic distribution 
(obtained from EDX line scans). The statistical analysis of EDX 
data gives a Pd/Ni ratio of 1:2 at the centers of the nanoparti-
cles and 1:6 near the surface.

Metal acetylacetonate precursors yielded core–shell Pd@Ni 
nanoparticles, as expected from the high reactivity of Pd(acac)2 
compared to Ni(acac)2 toward reduction in forming gas. Fortu-
nately, the Pd nanoparticles can catalyze the Ni(acac)2 reduction 
process, leading to the formation of a Ni shell around the Pd 
core. However, the synthetic pathway falls short of providing a 
Pd-rich shell of interest for electrocatalysis. Our results differ 
from previously reported one-pot solvothermal reaction of 
Pd(acac)2 and Ni(acac)2 in high boiling-point coordination sol-
vents, for which Pd-enriched shell bimetallic nanoparticles 
were reported.[31]
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To confirm this paradigm, the synthesis was performed 
under comparable conditions of temperature and solvent with 
zerovalent organometallic precursors Ni(COD)2 and Pd(dba)2 
(Scheme 1). The organometallic precursors thermally decom-
pose without need for reducing agents and yield metallic 
nanoparticles and cyclooctadiene or dibenzylidene acetone 
by-products. The resulting nanocrystals have been analyzed 
by TEM, high-resolution HAADF-STEM and EDX elemental 
mapping (Figure 3). The particles were found to have spherical 

morphology with a mean size of 80 ± 15 nm (Figure 3A). These 
“secondary” particles present an internal nanotexture with a 
“primary” particle size of 5 ± 2 nm (Figure 3B). Each primary 
particle is monocrystalline.

The atomic distribution of NiPd was assessed by EDX 
(Figure 3C) and, on the scale of a secondary particle, the stoi-
chiometry was found to be PdNi2. The secondary particles 
are mapped using EDX, revealing a distribution of Pd and Ni 
within each particle. On the level of a single particle, EDX cor-
relates with a mixing of Pd and Ni down to nanoscale. It is not 
clear if a single alloy is formed and the differences in atomic 
compositions between several areas below the nanoscale may 
point at the presence of Ni rich and Pd rich regions randomly 
distributed within the particles. The use of organometallic pre-
cursors was found to be successful for achieving a nanoscale 
mixing of Pd and Ni, while metal acetylacetonates yield a 
Pd@Ni structure. The atomic distribution correlates with the 
kinetics of the reaction of the metallic precursors. Organome-
tallic precursors decompose very quickly, yielding many bime-
tallic nucleation centers (“primary” particles), which further 
coalesce into secondary particles.

The difference in kinetics was further investigated by using 
an organometallic precursor of Ni(COD)2 to form the core of 
the particle and the Pd(acac)2 complex to form the particle 
shell. The one-pot reaction was conducted under the same 
conditions as the reaction from the organometallic precur-
sors, and it yielded larger nanocrystals with sizes of 23 ± 4 nm 
(Figure 4A,B). The larger particle size is consistent with the 
rapid formation of nucleation centers and the slow growth pro-
cess. The atomic distribution was assessed from EDX line scans 
(Figure 4D) and elemental maps (Figure 4C). These results con-
firm the hypothesis that the atomic distribution of metal atoms 
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Scheme 1.  Metal-organic and organometallic precursors of Pd/Ni bimetallic nanoparticles and corresponding expected radial composition of the 
nanoparticles.

Figure 1.  Powder X-ray diffraction (PXRD) patterns of the Ni-Pd samples 
synthesized following Scheme 1. Pd and Ni reflections are marked by 
solid lines, with (111) reflections marked by dashed lines.
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in each nanoparticle can be controlled by the kinetics of decom-
position. The fast decomposition rate of the Ni(COD)2 organo-
metallic precursor yields Ni nanoparticles that act as nucleation 
centers for the further growth of Pd shell. The shell growth may 
arise from several mechanisms involving the catalytic reduction 
of Pd(acac)2 on the freshly formed Ni surfaces or the nucleation 
site preferred by these nuclei. The Pd shell effectively covers all 
the Ni surface and is found to be a few nm thin (Figure 4C,D). 
The Ni@Pd nanoparticles form a very interesting model cata-
lyst that we tested together with the Pd@Ni and NiPd alloyed 
nanoparticles for HOR in alkaline medium.

2.2. Electrochemical Activity of NiPd, Pd@Ni, and Ni@Pd 
Nanoparticles as HOR Electrocatalysts

Pd-Ni electrocatalyst have been the focus of interest for the 
investigation of HOR.[15,16] Following the syntheses reported 
above, a variation of the metallic precursors has been instru-
mental in the control of the radial atomic distribution of Ni and 
Pd. Below, we shall refer to the catalysts as NiPd: an alloy from 
the organometallic synthesis, Pd@Ni: a core–shell from the 
acetylacetonate precursors and Ni@Pd: a core–shell from the 
mixed precursor synthesis.

The electrocatalytic activity has been tested under alkaline 
conditions (0.1 mol L−1 KOH) where Ni could sustain thanks 
to its passivation with Ni(OH)2 while Pd could be reversibly oxi-
dized in the potential window. Considerable effort was devoted 

to achieving the best experimental conditions and avoiding any 
contamination from Pt and other metals. The electrochemical 
cell was glass-free with a working rotating glassy carbon elec-
trode, a glassy carbon counter-electrode and a reversible 
hydrogen electrode (RHE). A very thin layer (only 5 µg) of the 
catalyst was spread on the glassy carbon electrode together 
with a Vulcan XC72 carbon and Nafion polyelectrolyte. Cyclic 
voltammetry was recorded under Ar after prolonged deoxy-
genation and stabilization. The potential was scanned between 
0.05 and 1.35 V and normalized to the geometrical surface 
(0.196 cm2) of the glassy carbon.

Commercial Pd black (7 ± 3 nm) was measured as reference 
for HOR activity (Figure 5). The electrochemical surface area 
(ECSA) was measured from the cathodic peak at 0.65 V/RHE, 
which is related to the reduction of oxygen species on Pd.

In contrast, the Pd@Ni sample shows a “flat” cyclic voltam-
metry without any activity toward hydrogen adsorption/
desorption (Figure 5A). These results are consistent with a sur-
face fully covered with Ni(OH)2 and “free” of active Pd sites. 
The NiPd catalyst shows a much more interesting cyclic vol-
tammetry with a cathodic peak at 0.55 V/RHE (Figure 5A). This 
peak arises from the reduction of oxygen species on a metallic 
surface. In fact, the potential slightly differs from the reduction 
of oxygen species on pure Pd surfaces (0.65 V/RHE), hinting 
at the alloyed nature of the surface. The region of underpoten-
tial desorption (UPD) hydrogen shows the sorption/desorption 
on the catalyst but is not defined enough to show clear data on 
the ECSA and on the specific binding sites. Ni@Pd samples 
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Figure 2.  Transmission electron microscopy (TEM) of the Pd@Ni sample: A) Bright-field TEM image of an ensemble of nanoparticles; B) high-
resolution TEM image with a fast-Fourier transform; C) high-angle annular dark-field scanning TEM image and F) corresponding composition map 
recording using electron energy dispersive X-ray spectroscopy (EDX) composition map (Pd: blue and Ni: red); D) EDX line scans for Pd (blue line) and 
Ni (red line); E) Pd/Ni atomic ratios on measured in a single nanocrystal.
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show a cyclic voltammetry typical of Pd with a cathodic peak at 
0.65 V/RHE and a well-defined UPD region.

The HOR activity was recorded on the rotating disc electrode 
at 900 rpm in an H2-saturated solution at T = 298 K. The J–V 
curves were recorded from open circuit voltage (OCV) up to 
1 V and backward. The negatively scanned curves are shown 
in Figure 5B to discard the hydrogen absorption in Pd. Pure 
Pd nanopowder shows very sluggish activity with a high onset 
potential and reaches the half-wave potential at 0.47 V which 
impedes its use as an anode catalyst in fuel cells. For the bime-
tallic samples, the HOR shows very different behavior and, as 
expected, no activity at all for the Pd@Ni sample. This result 
is a striking proof that the surfaces of these nanoparticles are 
completely passivated by Ni(OH)2 even with a Pd core below 
the Ni shell.

Moreover, NiPd and Ni@Pd are highly active as HOR elec-
trocatalysts. The onset potential is very low, almost comparable 
to a Pt catalyst and close to 0 V/RHE. The current density of 
the geometrical surface of Ni@Pd is comparable to that of the 
NiPd sample even if the alloyed sample reaches the plateau a 
lower potential. At 0.1 V versus RHE, the current density per 
geometrical surface area reaches 0.37 mA cm−2 for Ni@Pd 
compared to 0.52 mA cm−2 for the NiPd catalyst.

The ECSA can be deduced from the calculation of the Pd-
active surface area using several approximations. The most 

accurate method involves the surface area 
attributed to the UPD of hydrogen, as seen 
in the cyclic voltammetry (Figure 6). In the 
case of nanoparticles under alkaline con-
ditions, the approximation is very crude 
since the region is not very well defined. 
The second method involves approximating 
the reduction of the Pd oxygen species as a 
surface-only process which is specific to Pd 
surface atoms (Figure 5A). The ECSA was 
also calculated by CO stripping experiment 
at 200 mV s−1 where the active sites toward 
hydrogen are approximated with the coordi-
nation sites of chemisorbed CO molecules 
(Figure 6A). Qualitatively, the CO stripping 
gives a straightforward way to distinguish 
between metallic surfaces (Ni@Pd and 
NiPd) and hydroxide passivated ones (Pd@
Ni) (Figure 6A). The onset potential for the 
CO oxidation also increases from the Ni@Pd 
toward the NiPd alloyed nanoparticles. The 
spectrum is complex and reveals different 
binding sites for the CO on the metallic 
surfaces. Whether the different peaks cor-
respond to different crystallographic planes, 
defects or chemical nature is still a matter 
of debate even for flat surfaces.[32] There-
fore, the calculations of the ECSA should be 
regarded cautiously, and they provide only an 
estimate of the active surface of the catalysts 
(Figure 6B). The ECSA values obtained from 
the reduction in Pd oxygen species and CO 
stripping are overall consistent.

Normalized values of the current density 
per Pd surface area show that the activity of the NiPd alloyed 
surface is higher than that of the pure Pd and Ni@Pd electro-
catalysts (Figure 7A). Pd and Ni@Pd display comparable sur-
face activity which is consistent with the monometallic “Pd” 
nature of the surfaces. The specific activity of the NiPd alloy 
1.38 mA cmPd

2−  is 7 times higher than that of Pd, which points at 
the role of Ni as a catalyst or a co-catalyst for HOR.

The better utilization of Pd in Ni@Pd versus Pd is well 
reflected by its mass activity, which is 10 times higher for the 
core–shell Ni@Pd (Figure 7B) and 13 times higher than Pd 
under the same conditions (0.1 V vs RHE). This striking result 
shows the benefits of alloying the surface with Ni under alka-
line conditions, as already demonstrated for oxygen reduction 
reaction alloyed catalysts.[33]

2.3. General Rules for the Design of Electrocatalysts

In terms of the synthetic approach developed here, the results 
provide general rules for the design of surface PGM-enriched 
electrocatalysts. Core–shell catalysts with PGM shells have 
attracted wide interest, in order to minimize the cost of PGMs 
on electrocatalysts. Core–shell structures have been achieved by 
using sequential reactions and spontaneous segregation from a 
single-pot reaction. However, this reaction is specific to only a 
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Figure 3.  TEM of NiPd sample: A) TEM image of ensemble of nanoparticles; B) HAADF-STEM 
image with an FFT of the area in the red square inset; C) EDX composition map of the green 
area in (B) (Pd: blue and Ni: red).
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few metals. In our approach, the core–shell structure is directed 
by the kinetics of decomposition of the precursors. Roughly 
speaking, any core–shell geometry can be achieved by starting 
with reactive precursors (typically, organometallic compounds) 
for the core and less reactive precursors (typically, metal organic 
complexes) for the shell in a versatile scheme.

A relationship between the atomic distribution and the high 
HOR activity of NiPd bimetallic nanoparticles has been demon-
strated in the present study. The most popular acetylacetonates 
metal-organic precursors lead to a Pd@Ni structure which is 

clearly not a good catalyst. An organometallic 
Ni(0) with faster decomposition kinetics leads 
to an enrichment of the shell with Pd, either 
in the form of Ni@Pd with a Pd(II) metal-
organic complex or as a nanoscale alloy with 
a Pd(0) organometallic precursor. The latter 
alloyed structure shows by far the best activity 
per Pd atom on the surface, which suggests 
the importance of Ni species on the surface 
and not only in the core of the nanoparticle. 
Below, we discuss the origin of such a syner-
gistic effect between Ni and Pd.

The origin of the low HOR catalytic activity 
of Pd in alkaline environments still needs the 
agreement of the scientific community. Since 
hydrogen atom desorption is widely viewed as 
a rate-determining step, the role of Ni foreign 
atoms on the surface which facilitate this pro-
cess has been interpreted as a “bifunctional” 
activity. As mentioned in the introduction, 
examples have been given for the beneficial 
effects of alloying on HOR rate enhancement 
in alkaline media, which is due to either elec-
tronic effects modifying the HBE or added 
oxophilicity. Referring now to the possibility 
that the effect of a second component in such 
HOR binary metal catalysts is only electronic, 
resulting in a weakening of the MH bond 
at the surface of a first component, we note 
that this argument was made in the context 
of Ru added to Pt[34] and of Mo and Co added 
to Ni[9] to generate binary or ternary alloys. 
However, in our previous studies of Ni sur-

faces covered with Pd, the decrease of activity per Pd atom with 
increase coverage clearly demonstrates the prominent role of 
the oxophilicity, i.e., the high hydroxide local concentrations 
near the Ni species to promote the Hab + OH − → H2O + e − + *  
Volmer step of the HOR reaction. In the case of NiPd alloyed 
nanoparticles synthesized here, the surface is rich both in Pd 
and Ni site, which provide an excellent case for adsorbing pairs 
of H and OH groups. This hypothesis supports the high activity 
of 104 mA mgPd

1−  and 1.38 mA cmPd
2−  at 0.1 V versus RHE at 

298 K obtained for the NiPd alloy.

Adv. Mater. Interfaces 2018, 1701666

Figure 4.  TEM of Ni@Pd sample: A) TEM image of ensemble of nanoparticles;(B) HRTEM 
image with FFT inset; C) EDX composition map (Pd: blue and Ni: red); D) EDX line scans 
showing Pd (blue) and Ni (red).

Figure 5.  A) Cyclic voltammograms recorded at 298 K in an Ar-saturated solution at 50 mV s−1; B) Ohmic loss-corrected polarization curves recorded 
in a H2-saturated atmosphere at 5 mV s−1 and 900 rpm (the negative scanning direction is shown).
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3. Conclusions

We have demonstrated the limitations of classical metal-
organic Ni(acac)2 and Pd(acac)2 complexes as precursors for 
HOR electrocatalysts. They yield Ni surface-rich electrocata-
lyst Pd@Ni, with sluggish HOR properties. In contrast, the 
organometallic precursors Ni(COD)2 and Pd(dba)2 yield NiPd 
nanoalloys. A mixed approach, involving the use of Ni(COD)2 
and Pd(acac)2, allows for the synthesis of Ni@Pd core–shell 
nanoparticles. The radial distributions of Ni and Pd in the 
nanoparticles are found to be guided by the kinetics of the 
reactions of the precursors, with a much faster reaction of 
the organometallic species yielding the nanocrystal cores. The 
distribution of the two metals within the nanocrystals has a 
large influence on the electrocatalytic activity of the Pd-Ni 
nanoparticles that we tested for HOR in alkaline medium. The 
highest activity was measured for NiPd alloyed nanoparticles 
synthesized by the organometallic route with the resulting 
specific activity reaching 104 mA mgPd

1−  and 1.38 mA cmPd
2−  

at 0.1 V versus RHE. These alloyed nanoparticles have a 
mass activity that is 13 times higher than pure Pd nanopar-
ticles, due to a synergistic electrocatalytic effect between the 
Ni and Pd surface atoms. By design, the synthetic approach is 
generic and can be applied to any pair of metals, either PGM 
or other transition metals, to synthesize alloyed or core–shell 
electrocatalysts.

4. Experimental Section
Materials: Benzylalcohol (99%, pure) and (99+%, anhydrous 

<50 ppm) was acquired from ACROS. Benzoic acid (ACS, 99.5%) 
and poly(vinylpyrrolidone) (PVP), (MW = 8000, AR) were purchased 
from Alfa Aesar. Palladium (II) acetylacetonate (Pd(acac)2) (STREM, 
98%), Ni(COD)2 (STREM, 98%), Pd(dba)2 (STREM, 98%), Nickel (II) 
acetylacetonate (Ni(acac)2), (95%, Sigma Aldrich) were used without 
further purification. Pd nanopowder (QuantumSphere) was used as 
received.

Synthesis of Pd@Ni Nanocrystals (Metal-Organic Precursors): In 
a typical synthesis of Pd@Ni nanocrystals, Pd(acac)2, (0.2 mmol), 
poly(vinylpyrrolidone) (PVP, MW = 8000), (0.08 g) Ni(acac)2 (0.93 mmol) 
and benzoic acid (4.0 mmol) were dissolved in 50 mL of benzyl alcohol 
by vigorous stirring for 30 min. The resulting homogeneous green 
solution was transferred into a 100 mL Ace pressure glass flask. The 
sealed vessel was then heated to 150 °C for 12 h and was then cooled 
down to room temperature. The products were precipitated by acetone, 
separated via centrifugation, and further purified by an ethanol/acetone 
mixture.

Synthesis of NiPd Alloyed Nanocrystals (Organometallic Precursors): 
Ni(COD)2 (0.39 mmol) and Pd(dba)2 (1.02 mmol) were dissolved 
in 3 mL of anhydrous benzyl alcohol in a glovebox. The solution was 
then transferred to a special sealed vial for microwave reaction (CEM 
Discover) and heated at 170 °C (run time 2 min, hold time from 5 min). 
The products were separated via centrifugation, and further purified by 
an ethanol/toluene mixture.

Synthesis of Ni@Pd Nanocrystals (Organometallic/Metal-Organic 
Precursors): Ni(COD)2 (0.39 mmol) and Pd(acac)2 (1.74 mmol) were 
dissolved in 3 mL of anhydrous benzyl alcohol in a glovebox. The 

Figure 6.  A) CO stripping at 200 mV s−1 starting from Eads = 0.1 V; B) ECSA obtained from PdO cathodic reduction and CO stripping.

Figure 7.  A) Specific activity and B) Pd mass activity of the electrocatalysts measured from the RDE experiment (900 rpm, 0.1 V vs RHE, T = 298 K, 
i-R corrected).
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solution was then transferred to a special sealed vial for microwave 
reaction (CEM Discover) and heated at 170 °C (run time 2 min, hold 
time from 5 min). The products were separated via centrifugation, and 
further purified by an ethanol/toluene mixture.

Structural Characterization: HRTEM study was carried out at 200 kV 
on a JEOL JEM-2100 (LaB6) TEM. Fast Fourier transform (FFT) analysis 
of HRTEM images was used for structural analysis. HRTEM images 
and EDX measurements were obtained at 200 kV on a JEOL JEM-2100F 
TEM. Scanning TEM (STEM) was performed at 200 kV on an FEI Titan 
80–200 (“ChemiSTEM”) TEM,[35] equipped with a CS probe corrector 
(CEOS GmbH) and a high-angle annular dark field (HAADF) detector 
operated at 200 kV. In order to achieve “Z-Contrast” conditions a probe 
semi-angle of 25 mrad and an inner detector collection semi-angle of the 
detector of 88 mrad were used. EDX Compositional maps were obtained 
using four symmetric large-solid-angle silicon drift detectors. For EDX 
measurement an FEI double-tilt holder was used and the TEM specimen 
was untilted. EDX analysis was performed using ESPRIT software 
(Bruker Company, Berlin, Germany) using the Ni K and Pd L peaks. The 
crystalline phases and crystallinity of the prepared powders of the final 
products were determined using XRD with Cu Ka (0.1541 nm) radiation 
(Rigaku SmartLab).

Electrochemical Measurements: Electrochemical measurements were 
performed in a polypropylene cell in a three-electrode configuration 
using a polished 0.196 cm2 glassy carbon disk as working electrode, 
a glassy carbon rod as a counter electrode and RHE as a reference 
electrode. The catalyst loading on the glassy electrode was 5 µg. The 
alkaline solution was prepared from KOH (Sigma-Aldrich, 99.998%) and 
ultrapure water. The glassy carbon was mounted on a rotating electrode 
(Pine instruments) and all data were collected using a VMP3 potentiostat 
(Bio-Logic) impedance channel. Potentials were corrected for ohmic 
losses, measured by impedance spectroscopy before each polarization 
curve. All of the gases that were used were of the highest purity available 
(99.999%). After purging in Ar for 15 min, the voltammograms were 
collected at 50 mV s−1 after stabilization for 50 cycles from 0.05 to 1.35 V 
versus RHE. Polarization curves were recorded after saturation of the 
solutions with H2 by sweeping from OCV to 1 V versus RHE (positive 
going scan) and back (negative going scan) at 5 mV s−1 using different 
rotating speeds (225, 400, 625, 900, 1600 rpm) (only the 900 rpm results 
are shown). CO stripping was performed at 5, 10, 20, 50, 100, 200, and 
500 mV s−1 after CO saturation of the catalysts (only the 200 mV s−1 
results are shown).
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